The effects of propranolol on the electrical behavior of ventricular muscle fibers were investigated in the anesthetized dog by simultaneously recording surface and intracellular electrograms. After administration of propranolol during sinus rhythm, the RR, PQ and QT intervals were significantly prolonged, while the QRS duration remained unchanged. During electrically driven rhythm, propranolol caused a slight but insignificant prolongation of the QT interval. There were no changes in the QRS duration. Significant delay of the interatrial and atrioventricular conduction times was observed. There were no significant changes in the intraventricular conduction time. Propranolol principally affects the sinoatrial node, the atrioventricular node and the conduction time of the atria. Effects of propranolol on the intracellular electrograms from the ventricle were as follows. The duration of the membrane action potential was significantly prolonged. No changes were observed in the amplitudes of the membrane action potential, membrane resting potential and overshoot. The maximum upstroke velocity of the membrane action potential did not change. Propranolol has a quinidine-like action as well as a beta adrenergic blocking action. Both actions contribute to the effectiveness of the drug in the treatment of cardiac arrhythmias.
SUMMARY
The effects of propranolol on the electrical behavior of ventricular muscle fibers were investigated in the anesthetized dog by simultaneously recording surface and intracellular electrograms. After administration of propranolol during sinus rhythm, the RR, PQ and QT intervals were significantly prolonged, while the QRS duration remained unchanged. During electrically driven rhythm, propranolol caused a slight but insignificant prolongation of the QT interval. There were no changes in the QRS duration. Significant delay of the interatrial and atrioventricular conduction times was observed. There were no significant changes in the intraventricular conduction time. Propranolol principally affects the sinoatrial node, the atrioventricular node and the conduction time of the atria. Effects of propranolol on the intracellular electrograms from the ventricle were as follows. The duration of the membrane action potential was significantly prolonged. No changes were observed in the amplitudes of the membrane action potential, membrane resting potential and overshoot. The maximum upstroke velocity of the membrane action potential did not change. Propranolol has a quinidine-like action as well as a beta adrenergic blocking action. Both actions contribute to the effectiveness of the drug in the treatment of cardiac arrhythmias. 
METHOD
Fifty-three mongrel dogs weighing 12 to 22Kg. were used in the experiments. Five of the dogs were used in preliminary control experiments performed under the same conditions as the other experiments but without the administration of propranolol. Thirty dogs were used in the studies of the effects of propranolol on the intracellular and surface electrograms. Eighteen were used in studies of the effects of propranolol on the interatrial, atrioventricular and intraventricular conduction times.
Each dog was anesthetized with an intravenous injection of urethane (400mg./ Kg.) plus chloralose (80mg./Kg.).
Ventilation of the lungs was maintained by artificial respiration. The chest was opened and the heart exposed by the method previously described.11)
Simultaneous surface electrograms and standard lead II electrocardiograms were recorded during sinus rhythm. During electrically driven rhythm, intracellular electrograms, surface electrograms and standard lead II electrocardiograms were simultaneously recorded. Electrical stimulation was applied near the sinoatrial node at a frequency about 10% above the sinus rate.
Electrically driven rhythm was used to exclude any electrographic changes resulting from the effect of propranolol on the cardiac rate. Seven experiments were performed during sinus rhythm. Twenty-three experiments were performed during electrically driven rhythm. In these experiments, a square wave pulse of 2 msec. duration and from 6 to 8 V. amplitude from a stimulator (Grass S4B) was applied through an electrode situated near the sinoatrial node.
The procedure for simultaneous recording of unipolar surface and intracellular electrograms is illustrated in Fig. 1 . Two concentric steel rings covered with polyethylene tubing were placed on the anterior wall of the left ventricle. Arms extending from the rings were firmly affixed to holders on the operating the time interval between the peak of the main deflection in the bipolar electrogram recorded simultaneously from the endocardium of the apex and the epicardium at the base of the left ventricle. Clinically, propranolol hydrochloride is preferably administered orally. In animal experiments, the drug is usually given intravenously. In the present experiments, 0.5mg./Kg. propranolol hydrochloride (Inderal through the courtesy of Dr. A. Sahagian-Edwards, Ayerst Laboratories, New York) was diluted to 5ml. with Ringer's solution and injected intravenously over a period of about 60 sec. Electrograms were recorded for 20 min. or more after beginning the administration of propranolol.
Cardiac potentials were amplified by direct-coupled preamplifiers (Grass P6). The output voltage from each preamplifier was introduced into an oscilloscope (Tektronix 502) and into a direct-writing electrocardiograph (Sanborn 150). For accurate study of the upstroke velocity of the membrane action potential and of conduction time, oscilloscopic sweep rates of 1 msec./cm. and 50 to 100 msec./cm., respectively, were used. Tracings were photographed at selected intervals with a kymograph recording camera (Grass C4H). Analysis of the membrane action potentials and of the conduction times were made from enlarged copies of these photographs. Surface electrograms were used for measuring PR and QT intervals and the duration of the QRS. The standard lead II electrocardiogram was used for measurements of the PQ interval.
RESULTS

The Effects of Propranolol during Sinus Rhythm
Five dogs were used for preliminary control experiments. Seven dogs were given injections of propranolol. As illustrated in Fig. 3 , propranolol caused significant increases of the RR, PQ and QT intervals within the first 5 to 10 min. after its administration. The QRS duration was not altered. 
Effects of Propranolol during Electrical Stimulation
Propranolol was administered to a series of 23 dogs during electrically driven rhythm. Surface and intracellular electrograms were recorded from the anterior surface of the left ventricle before and after the injection of the drug. The electrograms of 15 of the 23 animals were analyzed.
In these experiments with electrically induced rhythm, values for the RR and PQ intervals are not presented. A slight but not significant increase in the QT interval was observed in the surface electrogram after propranolol ( Table II, Figs. 4, 5-B ). There were no significant changes in the QRS duration ( Fig. 5-A) . Values in various parameters of the intracellular electrograms are shown in Table III . During approximately the first 3 to 7 min. after administration of propranolol, there were no significant changes in the amplitudes of the membrane action potential (MAP), membrane resting potential (MRP) or overshoot. However, the duration of the MAP increased 8.3% (p<0.01) (Table III, Fig. 4) .
To study the effects of propranolol on the maximum upstroke velocity of the MAP, 30 observations were made in 11 of the 23 dogs (Fig. 6) . No significant changes were observed in the maximum upstroke velocity of the MAP (Table III) . 
Effects of Propranolol on the Conduction Times
The effects of propranolol on interatrial, atrioventricular and intraventricular conduction times were observed in 18 experiments. In the 15 valid experiments of the original 18, the interatrial conduction time increased by an average of 11.7% during the first 5 min. after administration of propranolol, while the atrioventricular conduction time increased 32.9% (Table II, Figs. 5-C, 5-E). These changes reached almost maximum values between 5 to 10 min. after injection of the drug. The differences between the changes of interatrial and atrioventricular conduction times in the control dogs and in the propranolol-injected dogs are apparent (p<0.05 and p<0.01, respectively). There were no significant drug-induced changes in the intraventricular conduction time (Fig. 5-D) .
In the 5 preliminary control experiments, there were no significant changes in these conduction times during 20 min. of electrically driven stimulation.
DISCUSSION
There is much in the literature on the mechanism of propranolol as an agent for the treatment of cardiac arrhythmias. Katz13) suggested that the antiarrhythmic action of the drug on cyclopropane-catecholamine-induced arrhythmias consists of specific beta adrenergic blockade. Benfey and Varmal4) reported that propranolol and pronethalol (a beta adrenergic blocking agent pharmacologically similar to propranolol but with adverse side-effects) possess an antifibrillatory property which is not directly related to their beta receptor blocking activity. Somani and Bachand15) studied the antiarrhythmic action of propranolol in the heart-lung preparation of dogs. They found that doses of 0.5mg./Kg. effectively blocked the epinephrine-induced arrhythmia, whereas an average of 9.5mg./Kg. was needed to suppress ouabain-induced arrhythmias. They suggested that the mechanisms of suppression of epinephrine-induced arrhythmias are different from those of ouabain-induced arrhythmias. Vaughan Williams8) studied the effects of quinidine, pronethalol and propranolol on intracellular potentials in isolated cardiac muscle. He found that all 3 drugs caused (a) no change in MRP, (b) little or no change in duration of the MAP, and (c) marked decrease in the rate of rise and in the amplitude of the MAP. Epinephrine, in contrast, caused an increase in rate of rise and in amplitude of the MAP. Vaughan Williams concluded that the antiarrhythmic drugs do not delay repolarization or prolong the refractory period of myocardial cells but rather interfere in some way with the process which leads to the sudden increase in sodium conductivity on excitation. He further suggested that the supposed superiority of propranolol to quinidine as an antiarrhythmic agent may be due to 2 types of effects: 1) a specific beta adrenergic blocking action, occurring at low doses, which prevents epinephrine from speeding up activation of myocardial cells, and 2) a quinidine-like effect, at higher doses, which reduces the rate of activation to subnormal levels. The methods for studying propranolol in the present paper are similar to those used in this laboratory for studying the action of quinidine.9) A comparison of the results of these 2 studies is especially relevant to Vaughan Williams' hypothesis. In the earlier study,9) it was found that quinidine significantly prolonged the RR, PQ and QT intervals and the QRS duration in surface electrograms from the in situ canine heart during sinus rhythm. The PQ interval and the QRS duration were even more markedly prolonged by quinidine, when the effect of the drug on the cardiac rate was excluded by driving the heart with applied electrical stimulation. Associated with the quinidine-induced prolongation of the QT interval in the surface electrograms, was a significant prolongation in duration of the MAP in simultaneously recorded intracellular electrograms. The quinidine-induced prolongation of the QRS duration in the surface tracings was associated with the decrease in upstroke velocity of the MAP in the intracellular tracings. These electrographic changes are similar to those observed in the present experiments. However, there are 2 apparent differences. Propranolol did not prolong the QRS duration and did not decrease the upstroke velocity of the MAP during The absence of apparent changes in the upstroke velocity of the MAP following administration of propranolol was consistent with the results of the intraventricular conduction time. It has been established that the upstroke velocity of the MAP is related to the conduction velocity.16) In the present experiments, propranolol (1.5mg./Kg.) significantly prolonged the interatrial conduction time, highly significantly prolonged the atrioventricular conduction time, but did not significantly affect the intraventricular conduction time. In view of a study by Singer, et a1.,17) it may be that delays in intraventricular conduction time would be produced by propranolol if sufficiently toxic doses of the drug were used. Singer, et al., 17) reported that low dosages (2 to 5mg./Kg.) of pronethalol in the intact animal principally affected the atria, increasing refractoriness, slowing conduction and depressing excitability. In doses of 5 to 10mg./Kg., pronethalol caused sinus slowing, arrhythmia and atrioventricular conduction delays. Finally, toxic dosages of 10 to 25mg./Kg. resulted in marked delay of intraventricular conduction.
The intracellular effects of quinidine and propranolol observed in this laboratory differ from the effects reported by Vaughan Williams8) in the following 3 respects:
1) The duration of the MAP was found to increase significantly after administration of quinidine. 9) On the basis of this result, the antiarrhythmic effect of quinidine was attributed partly to a prolongation of the effective refractory period. Vaughan Williams, in contrast, observed little or no change in duration of the MAP and accordingly concluded that the repolarization process was not affected by antiarrhythmic drugs.2) Whereas Vaughan Williams observed a decrease in amplitude of the MAP after administration of antiarrhythmic drugs, no such change was observed in this laboratory with either quinidine or propranolol.3)
Vaughan Williams observed a decrease in rate of rise of the MAP following administration of all antiarrhythmic agents studied. In this laboratory, quinidine but not propranolol decreased the rate of the rise of the MAP. These discrepancies may be attributed to the fact that Vaughan Williams 'work was done in isolated muscle whereas the work in our laboratory was performed on the in situ heart. The failure of propranolol to affect significantly the rate of the rise of the MAP in the present study, like the failure of the drug to delay intraventricular conduction, is probably a consequence of the relatively low dosage employed .
On the other hand, work now completed has demonstrated that the 0.2mg./Kg. dose of propranolol used in this new study blocks the effects of epinephrine on the intracellular potentials.18) Thus, it appears that this lower dose is suffi-Jap. Heart J. July, 1970 cient to produce a beta adrenergic blocking effect but not a quinidine-like effect on the rate of the rise of the MAP. These findings are consistent with the conclusion of Somani and Bachand15) and of Vaughan Williams8) that the beta adrenergic blocking effect of propranolol occurs with lower dosages than does the quinidine-like effect and probably involves a different mechanism at the intracellular level.
